There are eight species established for aviadenoviruses: Fowl adenovirus A-E, Goose adenovirus A, Falcon adenovirus A and Turkey adenovirus B. The aim of this study was to sequence and analyse the complete genomes of turkey adenovirus 4 (TAdV-4) and TAdV-5 (strain 1277BT) in addition to almost two-thirds of the genome of another TAdV-5 strain (strain D1648). By applying next-generation sequencing, the full genomes were found to be 42 940 and 43 686 bp and the G+C content was 48.5 and 51.6 mol% for TAdV-4 and TAdV-5, respectively. One fiber gene was identified in TAdV-4, whereas two fiber genes were found in TAdV-5. The genome organization of TAdV-4 resembled that of fowl adenovirus 5 (FAdV-5), but it had ORF1C near the left end of the genome. TAdV-4 also had five 123 bp tandem repeats followed by five 33 bp tandem repeats, but they occurred before and not after ORF8, as in several fowl adenoviruses. The genome organization of TAdV-5 was almost the same as that of FAdV-1 but with a possible difference in the splicing pattern of ORF11 and ORF26. Phylogenetic analyses and G+C content showed differences that seem to merit the establishment of two new species within the genus Aviadenovirus: Turkey adenovirus C (for TAdV-4) and Turkey adenovirus D (for TAdV-5). Our analyses suggest a common evolutionary origin of TAdV-5 and FAdV-1.
INTRODUCTION
The majority of adenoviruses (AdVs) isolated from birds belong to the genus Aviadenovirus (Harrach et al., 2011) . Fowl adenoviruses (FAdVs) are classified into five different species: Fowl adenovirus A-E based on their genome organization and phylogeny. They have been grouped into 12 serotypes (FAdV-1 to -8a and -8b to -11) based on cross-neutralization test (Hess, 2000) , and at least 12 genotypes within the five species have been revealed by sequence analysis of the hexon loop 1 (L1) gene region (Marek et al., 2010a) . Several additional aviadenoviruses have been isolated from or detected in hosts other than chicken such as turkey, goose, duck, pigeon and different falcon and psittacine species (Adair & Fitzgerald, 2008; Hess et al., 1998; Raue et al., 2005; Schrenzel et al., 2005; Smyth & McNulty, 2008; Wellehan et al., 2005) . For the classification of these non-chicken AdVs, some species are already recognized within the genus Aviadenovirus and some represent candidate species in the genus. Goose adenovirus A (with possibly five types, goose adenovirus 1-5), Falcon adenovirus A (type falcon adenovirus 1) and Turkey adenovirus B (type turkey adenovirus 1) have been accepted within the genus Aviadenovirus (http://www. ictvonline.org/virusTaxonomy.asp?version=2012). Pigeon adenovirus A (type pigeon adenovirus 1) and duck adenovirus B (type duck adenovirus 2) are candidate species in the genus (Harrach et al., 2011; Hess et al., 1998; Marek et al., 2010a) . The establishment of additional species within the genus Aviadenovirus has been suggested previously based on sequence analyses of the hexon gene region (Marek et al., 2010a; Raue et al., 2005) and it was speculated that new species could be formed (especially for AdVs in hosts other than chicken). In addition, some AdVs that originated from birds belong to the genera Atadenovirus [egg drop syndrome virus, officially duck adenovirus 1 (DAdV-1)] and Siadenovirus [turkey hemorrhagic enteritis virus, officially turkey adenovirus 3 (TAdV-3); raptor adenovirus 1 (RAdV-1); great tit adenovirus 1; South Polar skua adenovirus 1 (SPSkAdV-1); psittacine adenovirus 2 (PsAdV-2)] (Ballmann & Vidovszky, 2013; Harrach et al., 2011; Kovács & Benkő, 2011; Kovács et al., 2010; Park et al., 2012; Pitcovski et al., 1998; Wellehan et al., 2009) .
At least one complete genome from members of all FAdV species has been sequenced: from FAdV-A (FAdV-1, CELO virus), FAdV-B (FAdV-5, strain 340), FAdV-C (FAdV-4, strains ON1 and KR5), FAdV-D (FAdV-9, strain A-2A) and FAdV-E (FAdV-8, isolate HG) (Chiocca et al., 1996; Grgić et al., 2011; Griffin & Nagy, 2011; Marek et al., 2012 Marek et al., , 2013 Ojkic & Nagy, 2000) . In addition, the whole-genome sequences are now available from the non-chicken aviadenoviruses TAdV-1 and goose adenovirus 4 (GoAdV-4) (Kaján et al., 2010 (Kaján et al., , 2012 . Phylogenetic and sequence analyses of the whole genomes has confirmed the division of genus Aviadenovirus into the accepted species (Marek et al., 2013) . However, in the absence of sequence data for the three established types in the species Goose adenovirus A (serotypes GoAdV-1 to -3), goose adenoviruses could not be classified appropriately into virus species. For the correct depiction of the evolutionary relationship of aviadenovirus isolates, it will be necessary to analyse the whole genomes of additional isolates. From members of the genera Atadenovirus and Siadenovirus, the avian AdVs DAdV-1, TAdV-3, RAdV-1 and SPSkAdV-1 have been fully sequenced (Hess et al., 1997; Kovács & Benkő, 2011; Park et al., 2012; Pitcovski et al., 1998) .
TAdV-1 and TAdV-2 were isolated in Northern Ireland and characterized as distinct serotypes (Adair et al., 1980) . TAdV-1 was isolated from birds showing conjunctivitis, nephritis and airsacculitis (Scott & McFerran, 1972) . TAdV-2 was isolated from day-old turkeys with inclusion body hepatitis. Experimental work demonstrated that TAdV-2 might be the potential cause of suboptimal hatchability (Guy & Barnes, 1997) . Additional reports have been published about aviadenoviruses isolated from turkeys showing respiratory signs (Crespo et al., 1998; Simmons et al., 1976; Sutjipto et al., 1977) , but they have not been compared serologically with the Irish TAdV-1 or TAdV-2. These two types were suggested to belong to the aviadenoviruses (Ursu et al., 2003) . Later, it was concluded that the originally described TAdV-1 could not be recovered anymore (Kaján et al., 2010) . Thus, it was proposed that it was probable that the original TAdV-1 isolate had perished and no sequence was available from it. Luckily, the partial hexon sequence of the sample from the Irish TAdV-2 strain proved that it is a valid type different from all accepted FAdV types. A virus strain (designated D90/2) was isolated from turkeys in Hungary showing respiratory signs. The genome of strain D90/2 has been sequenced (Kaján et al., 2010) and its virtual restriction endonuclease pattern differed remarkably from those of the Irish TAdV-1 and TAdV-2 (Guy & Barnes, 1997; Scott & McFerran, 1972) . It was suggested that the Hungarian strain D90/2 should be considered as TAdV-1 instead of the original Irish isolate (Kaján et al., 2010) .
The main purpose of this study was to apply high-throughput sequencing technology to provide the complete genome sequence of two different turkey AdV strains. Furthermore, this study should provide an update of the genetic content, phylogeny and evolution of the genus Aviadenovirus.
RESULTS

Virus isolates
The supposed original TAdV-1 strain from Northern Ireland was obtained in Austria (Veterinary University, Vienna) on a separate occasion to other researchers. The sequence of the hexon gene region of this strain showed that it is a valid type different from all accepted FAdV types as well as from the Hungarian TAdV-1 (D90/2) and Irish TAdV-2 strains (TAV-2, GenBank accession no. GU936708.1; Kaján et al., 2010) (Fig. 1a) . Therefore, we propose that this strain should be considered as TAdV-4.
Strain 1277BT was isolated from breeder turkeys in the UK and strain D1648 was isolated from diseased fattening turkeys in Hungary and kindly provided by Vilmos Palya (CEVA-Phylaxia, Budapest, Hungary). Sequence analysis of the hexon gene region of these strains (Fig. 1a) showed that they belonged to the same type, which was different from all sequenced AdV types. Therefore, we propose that these strains should be considered as TAdV-5.
Genome organization
After filtering for contaminating chicken sequence reads, the expected viral genome coverage of Illumina reads for both strains ranged from approximately 6000-to 28 000-fold (data not shown). De novo assembly using 1-30 % of the reads was found to be the best. Subsequent gap closure by PCR and conventional Sanger sequencing resulted in final genome sequences of 42 940 and 43 686 bp for TAdV-4 and TAdV-5 (strain 1277BT), respectively. The G+C content was 48.5 and 51.6 mol% for TAdV-4 and TAdV-5, respectively. The percentage sequence identities compared with the available avian AdV whole genomes are given in Table 1 . It is important to note that the virtual restriction endonuclease pattern of the TAdV-4 strain differed from that published for the original Irish TAdV-1 and TAdV-2 (Guy & Barnes, 1997; Scott & McFerran, 1972 ) (data not shown).
The inverted terminal repeats were 62 and 118 bp for the TAdV-4 and TAdV-5 genomes, respectively. The genome of TAdV-4 had a similar organization to FAdV-5 (FAdV-B), whilst TAdV-5 had a genome organization almost identical to that of FAdV-1 (FAdV-A) (Fig. 2) . Fowl AdV-9 AC000013
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1.00 Fig. 1 . Phylogenetic analysis of TAdV-4 and TAdV-5 sequences. Bayesian analysis using the WAG+G mode was used. Posterior probabilities are given at branch nodes. GenBank accession numbers are given after the type names. The official or proposed species designations are shown. (a) Phylogenetic tree reconstruction based on a 157 aa sequence of hexon L1. The tree was rooted to the psittacine adenovirus 1 (PsAdV-1). (b) Phylogenetic tree reconstruction based on the amino acid sequence of the complete polymerase gene (1221 aa after editing). The tree was rooted using GoAdV-4. (c) Phylogenetic tree reconstruction based on the amino acid sequence of the complete fiber gene (351 aa after editing). The tree was rooted at the midpoint. Bars, number of substitutions per site.
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In the left-end region of the TAdV-4 and TAdV-5 genomes, almost the same genes were identified as in FAdV-1 (ORF0, -1, -1A, -1B, -1C and -2 on the upper strand, and ORF14, -13 and -12 on the lower strand) (Fig.  2 , Table 2 ). In addition, ORF14A was found in TAdV-4 as in FAdV-2, -4, -5, -8, -9, -10 and TAdV-1. However, ORF14 and 14A are fused in TAdV-5 into the ORF14+14A. In the case of ORF1A, only the predicted second exon could be identified as in all earlier sequenced FAdV and TAdV genomes (except in FAdV-8, where it was described as a complete gene) (Corredor et al., 2006; Davison et al., 2003; Kaján et al., 2010; Marek et al., 2013) .
The central part of both genomes (from gene IVa2 to pVIII) showed identical organization to the central region of other AdVs (only mastadenoviruses have a further gene, which codes for protein V, in this region) (Fig. 2 , Table 2 ). The U exon was identified in both genomes, followed by one and two fiber genes in the TAdV-4 and TAdV-5 genomes, respectively.
Following the fiber gene(s), both genomes possessed the same genes as found in FAdV-1 (and with the exception of an additional ORF43 in FAdV-4, also in all the FAdVs sequenced so far): ORF22, -20A, -20, -19, -8 and -17 (Corredor et al., 2008 , Kaján et al., 2010 Marek et al., 2013) . The predicted splicing donor and acceptor sites of the TAdV-5 ORF19 cannot be taken for granted as they were selected arbitrarily from several possibilities identified by bioinformatics (because of the lack of any identifiable homology around the splicing sites). Further to the right end of the TAdV-4 genome, there was an ORF19A homologue. In addition, five perfect tandem repeats (TR1) of 123 bp followed by four tandem repeats of 33 bp (TR2, with a single nucleotide mismatch) were detected between the ORF19 first exon and ORF8 (TR1: 59-CATTTACCTGGTGACGCGCAGGTGCT-TTCCCCGCTTAAACATTAACCTGGACTTTGTCCTTTA-TGTTTACCTGCCATGGCAACGGCTTCCATATATGGA-GGTCCGGCTCCGCCTCCGGTTAAC-39; TR2: 59-TGT-CGCTACCCCCCTGTACAGCCGACCACCCCC-39). The TR1s showed homology to the TRs of FAdV-5. The gene order and orientation in this region of TAdV-5 was the same as in FAdV-1 (ORF16, -9, -10, -11 and -26) and only two tandem repeats of 99 bp were found downstream from ORF8 (TR1: 59-TCCGGTTAAACATTAACCCGGA-GGGACCGCTCTTCCCTCCCACTTTCTATACGTCACC-TTTCGCGACTCCTCCCACTTTACGGACTTAGGAAAA-TTCCA-39). However, the three ORF11 exons and the three ORF26 exons identified in FAdV-1 seemed to have a different splicing pattern in TAdV-5. Our predictions suggest that the homologue of the FAdV-1 ORF11 third exon is spliced to the following ORF26 first exon and is not the third exon of ORF11. However, due to the inherent uncertainty of bioinformatics predictions of splicing donor and acceptor sites, this prediction cannot be taken as more than a working hypothesis until it is confirmed by mRNA sequencing.
The Hungarian TAdV-5 strain (D1648) was sequenced through the whole left and middle part of the genome up Table 1 .
Percentage nucleotide sequence identities of the whole genomes of avian adenoviruses
TAdV-4 (proposed TAdV-C) and TAdV-5 (strain 1277BT, proposed TAdV-D) were sequenced in this study and other avian AdV strains were sequenced previously (Chiocca et al., 1996; Grgić et al., 2011; Griffin & Nagy, 2011; Hess et al., 1997; Kaján et al., 2010 Kaján et al., , 2012 Kovács & Benkő, 2011; Marek et al., 2012 Marek et al., , 2013 Ojkic & Nagy, 2000; Park et al., 2012; Pitcovski et al., 1998) . Sequence alignments and analyses were carried out by Lasergene software.
Aviadenovirus Atadenovirus Siadenovirus
TAdV-C TAdV-4 Genome sequences of to the middle of the pVIII gene. It showed exactly the same gene organization and even the same gene lengths as TAdV-5 strain 1277BT. Within this 27 931 bp region, 41 nucleotide differences (0.15 %) between 1277BT and D1648 were found. Fourteen caused amino acid changes (34.1 %), whilst 27 of them were synonymous mutations (65.9 %) (data not shown).
The mVISTA global pairwise sequence alignment analyses identified areas of great interspecies diversities (Fig. 2) . The central region of the aviadenovirus genomes (from IVa2 to the fiber gene) displayed high sequence conservation between each other. The regions found to be most diverse were those of the left genome end, the 59 ends of the DNAbinding protein and 100K genes and the right genome end. The genomes of TAdV-4 and especially TAdV-5 displayed high sequence identities with FAdV-5 (340) and FAdV-1 (CELO), respectively, both in the central and within the terminal genome regions (Fig. 2) . Fiber  TR1TR2   19A   8   1900  3800  5700  7600  9500  11400  13300  15200  17100  19000  20900  22800  24700  26600  28500  30400  32300  34200  36100  38000  39900 
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Phylogeny
Phylogenetic analyses of the whole genomes (Fig. 3) or of selected proteins (Fig. 1a, b ) of different avian AdVs confirmed the appropriateness of the present classification of aviadenoviruses into species. The two full genomes of FAdV-C isolates (strains KR5 and ON1) clustered together. The closer genetic relationship between members of FAdV-D and FAdV-E was again confirmed (Grgić et al., 2011; Marek et al., 2010a) (Fig. 3) . Phylogenetic analyses suggested the existence of two so-far-unknown aviadenovirus lineages pointing to a need to establish two novel species: TAdV-C (for TAdV-4) and TAdV-D (for TAdV-5).
Phylogenetic analyses of fiber proteins showed that the fiber-1 proteins of FAdV-4, FAdV-10, TAdV-1 and GoAdV-4 have evolved from a common ancestor (Fig.  1c) . The fiber-1 proteins of FAdV-1 and TAdV-5 clustered together. In addition, the fiber-2 proteins of these types clustered together and probably evolved together from a common ancestor with the fibers of FAdV-B, FAdV-D, FAdV-E and TAdV-C members.
Structure of the TAdV-4 and TAdV-5 fibers
The sequence motif VYPF, which is probably involved in the interaction with the penton base, is conserved in all analysed TAdV fibers (Fig. 4 a, d, g ). Residues (KKRR, KRKR and GRKR) identified within tail regions of analysed TAdV fibers could have a nuclear localization sequence function. Fiber-1 of TAdV-5 contained a long poly(G) stretch within its tail region, a motif absent in the fiber-2 of TAdV-5 similar to FAdV-1 fibers (Hess et al., 1995) . Interestingly, the TAdV-4 fiber did not contain a shorter poly(G) stretch within its tail region, which is 8   1900  3800  5700  7600  9500  11400  13300  15200  17100  19000  20900  22800  24700  26600  28500  30400  32300  34200  36100  38000  39900 Genome sequences of TAdV-4 and TAdV-5 found in fibers of aviadenoviruses with two identical fibers per penton base. The shaft and knob regions of TAdV fibers probably show the same overall fold as the other AdV fibers. The main differences between the fiber structures were found in the number of repeats in the shaft region (Fig. 4 a, d, g ) and in the loop regions of the fiber knobs (Fig. 4 b, e, h; and c, f, i). In addition, transitions between individual domains of the fibers (tail, shaft and knob) were difficult to extract from the amino acid sequence.
DISCUSSION
The family Adenoviridae is divided into five genera: Mastadenovirus, Aviadenovirus, Atadenovirus, Siadenovirus and Ichtadenovirus, but three of these genera contain avian AdVs, which is uniquely characteristic of this vertebrate class as host (Harrach et al., 2011) . The origin of siadenoviruses is still not known, but they seem to have adapted to avian species later. Atadenoviruses are believed to have originated in scaled reptiles (Sqamata) and switched to avian hosts relatively late (Farkas et al., 2008) .
The G+C content is usually a reliable criterion to distinguish different AdV species. Its value was quite similar for different FAdV strains (53.8-57.9 mol%). However, GoAdV-4 and TAdV-1 have a remarkably different G+C content (44.7 and 66.9 mol%, respectively) confirming the need for their classification into separate species (Kaján et al., 2010 (Kaján et al., , 2012 . The G+C content for the TAdV-4 and TAdV-5 genomes (48.5 and 51.6 mol%, respectively) was more similar to the already sequenced aviadenovirus genomes but still different enough to separate them from each other. Aviadenovirus types are grouped into different species based mainly on phylogenetic analysis and genome organization, but G+C content and host range also confirmed the accepted division of the genus Aviadenovirus into species. In addition, we suggest the existence of two further adenovirus lineages that merit the establishment of novel species within the genus Aviadenovirus: Turkey adenovirus C (for TAdV-4) and Turkey adenvirus D (for TAdV-5). Sequence identities between the members of the different aviadenovirus species ranged from 42.4 % [between TAdV-1 (TAdV-B) and GoAdV-4 (GoAdV-A)] to 72.2 % [between FAdV-9 (FAdV-D) and FAdV-8 (FAdV-E)] (Marek et al., 2013) , clearly being enough for species separation. Full-genome sequence identities between the TAdV-C and TAdV-D members and the different aviadenovirus species ranged from 45.3 % [between TAdV-4 (TAdV-C) and GoAdV-4 (GoAdV-A)] to 69.5 % [between TAdV-5 (TAdV-D) and FAdV-1 (FAdV-A)]. Notably, phylogenetic analysis based on the amino acid sequence of the DNA polymerases of the members of the accepted and proposed aviadenovirus species showed phylogenetic differences greater than the required 5-15 % (Fig. 1b) , which is presently the main species demarcation criterion together with at least one further difference, such as host, genome organization, virus neutralization or pathogenicity (Harrach et al., 2011) .
In this study, it was again shown that the left and right end genome regions were among the most variable ones between the genomes of different aviadenovirus species. The present two novel full genomes did not reveal any new gene in the left-end region according to the homology and splicing reinterpretation (Corredor et al., 2006; Kaján et al., 2012; Marek et al., 2013) . However, in TAdV-5, a so-farunique fused form of genes ORF14 and -14A was found. Phylogenetic analysis (Fig. 3) suggested that ORF14A was generated by duplication in the common ancestor of the whole Galliformes aviadenovirus lineage. Later, FAdV-1 lost this gene, whilst in TAdV-5 it became fused. ORF1C occurs in all FAdVs except FAdV-B and FAdV-C members and can also be found in TAdV-1, -4 and -5. As FAdV-5 (the closest type to TAdV-4) lacked this gene, this genome organization difference fulfils one of the required criteria to demarcate TAdV-4 into a different species.
Viruses that co-evolve with their host are thought to be well adapted and as a consequence less pathogenic. The high pathogenicity of an AdV might indicate a recent host switch (Benkö & Harrach, 2003) . Therefore, one can hypothesize that perhaps the primary host of certain pathogenic FAdVs (FAdV-A and FAdV-C members) is not the chicken but some other bird species. This hypothesis is further supported by the clustering of TAdV-D with FAdV-A strains, some of which are pathogenic for chickens (Marek et al., 2010b; Ono et al., 2003) .
All FAdVs have two fibers protruding from each vertex, i.e. the penton base (Gelderblom & Maichle-Lauppe, 1982), and the fibers of FAdVs are thought to play an important part in the infectivity and pathogenicity of FAdVs (Pallister et al., 1996) . However, further analyses are necessary in order to elucidate which additional genetic features enable viruses to infect a specific bird host(s) or cause specific disease. FAdV-A and FAdV-C members have been found to have two fiber genes, whilst the sequenced FAdV-B, FAdV-D and FAdV-E members have only a single fiber gene (Chiocca et al., 1996; Grgić et al., 2011; Griffin & Nagy, 2011; Marek et al., 2013; Ojkic & Nagy, 2000) . TAdV-1, TAdV-5 and GoAdV-4 seem to possess two fiber genes (Kaján et al., 2010 (Kaján et al., , 2012 . However, TAdV-4 has only one fiber gene (as for the closest FAdV type, FAdV-5). It would be interesting to see how many fibers per penton these aviadenoviruses possess. Fiber-1 proteins of FAdV-A and TAdV-D members were clustered together on the Phylogenetic tree based on all available whole-genome sequences of avian AdVs belonging to the genera Aviadenovirus, Atadenovirus and Siadenovirus. TAdV-4 (proposed TAdV-C) and TAdV-5 (proposed TAdV-D, strain 1277BT) were sequenced in this study and other avian adenovirus strains were sequenced previously (Chiocca et al., 1996; Grgić et al., 2011; Griffin & Nagy, 2011; Hess et al., 1997; Kajá n et al., 2010 Kajá n et al., , 2012 Ková cs & Benkő , 2011; Marek et al., 2012 Marek et al., , 2013 Ojkic & Nagy, 2000; Park et al., 2012; Pitcovski et al., 1998) . Phylogenetic tree was generated by the maximum-likelihood method as implemented in the RAxML software. Branch lengths are proportional to the number of character state changes. Bootstrap values are indicated for the major nodes. Accession numbers of previously published adenovirus sequences are given. Bar, number of substitutions per site. a, d, g ) Structure of the TAdV-5 and TAdV-4 fibers. Possible nuclear localization signals within the tail regions are underlined and penton-binding sequences are double underlined. Alignments of the repeats in the fiber shaft regions were done manually based on the triple b-spiral fold model (van Raaij et al., 1999) . The residues in the repeating motifs of the TAdV fiber shafts are labelled 'a' to 'o'. The conserved glycines or prolines in the tight turn (purple, except for the corresponding residues in some repeats), residues involved in the hydrophobic core (red) and residues forming the peripheral hydrophobic patches (green) are shown. Some residues of the spacer between the tail and the shaft domain are at the top (italic). The spacer between the shaft and the head domain are also in italic. The consensus sequences as proposed by the triple b-spiral model are shown at the bottom: proline and glycine (P and G), hydrophobic (Q). (b, e, h) Alignments of the TAdV fiber knob domains and corresponding FAdV-1 fiber knobs. Residues forming b-strands are indicated with 's' and helical regions with 'h'. (c, f, i) Models of the TAdV fiber knob domains based on the corresponding FAdV-1 fiber knob structures. TAdV fiber knobs were modelled based on the FAdV-1 long fiber knob (for 1277BT fiber-1) (Guardado-Calvo et al., 2007) and FAdV-1 short fiber knob (for 1277BT fiber-2 and TAdV-4 fiber) (El Bakkouri et al., 2008) . The 1277BT fiber-1 knob was modelled as a trimer and the 1277BT fiber-2 and TAdV-4 fiber knobs were modelled as single chain proteins, as the target and template sequences were too diverse (less than 60 % sequence identity) to infer a conservation of the oligomeric state. Genome sequences of reconstructed phylogenetic tree. Fiber-1 proteins of FAdV-C, TAdV-B and GoAdV-A evolved from a common ancestor, and the same seems to be true for fiber-2 proteins of FAdV-A, FAdV-C, TAdV-B, TAdV-D and GoAdV-A. The fibers of sequenced FAdV-B, FAdV-D, FAdV-E and TAdV-C members, which have only a single fiber gene, evolved together with fiber-2 proteins of FAdV-A, FAdV-C, TAdV-B, TAdV-D and GoAdV-4 from a common ancestor. Based on the phylogenetic relationship of aviadenoviruses, it seems probable that the ancestor strain of all modern aviadenoviruses had two fiber genes, and that fiber-1 was lost in the branch leading to FAdV-B, FAdV-D, FAdV-E and TAdV-C.
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The stable domain of human adenovirus 2 (HAdV-2) fiber (knob plus four shaft repeats) has been crystallized and its structure solved (van Raaij et al., 1999) . This structure revealed a triple b-spiral fold for the fiber shaft. The structures of the fiber knobs of long and short FAdV-A fibers have also been solved by X-ray crystallography (El Bakkouri et al., 2008; Guardado-Calvo et al., 2007) . In this study, the main differences between the fiber structures were found in the number of repeats in the shaft region and in the loop regions of the fiber knobs. Although the structures of the fiber knobs were similar, there was less sequence identity between the knobs. In the case of FAdV-1, mutation studies proved that fiber-1 can use the mammalian coxsackievirus and adenovirus receptor (CAR), whilst fiber-2 binds to another, unknown avian cellular receptor (Tan et al., 2001) . However, based on structural analyses of FAdV-1 fiber knobs, it seems unlikely that they would bind to CAR in the same manner as HAdVs (El Bakkouri et al., 2008) . The avian receptor(s) responsible for binding of FAdV fibers are also unknown, as are the regions of the FAdV fiber knobs that are most important for binding. Therefore, it is difficult to speculate on the receptor-binding properties of the analysed TAdV fibers.
In conclusion, the complete genome sequences of TAdV-4 (TAdV-C) and TAdV-5 (TAdV-D, strain 1277BT) were obtained by Illumina sequencing. An isolate (D1648) almost identical to strain 1277BT was found in Hungary and sequenced independently by traditional Sanger sequencing. The possible wide spread of TAdV-5 variants throughout Europe remains hypothetical and needs further confirmation. Phylogenetic and sequence analyses of the whole genomes support division of the genus Aviadenovirus into species and suggest the existence of two new species within this genus: TAdV-C and TAdV-D. One and two fiber genes were revealed within the TAdV-C (TAdV-4) and TAdV-D (TAdV-5) genomes, respectively. It seems possible that the ancestral strain of all modern aviadenoviruses had two fiber genes, and that fiber-1 was lost in the branch leading to FAdV-B, FAdV-D, FAdV-E and TAdV-C. The whole-genome sequence information of aviadenoviruses is important for taxonomy, diagnostics and studies about pathogenicity, and possibly for applying these viruses as foreign geneexpressing vectors.
METHODS
Virus isolates. Plaque-purified reference strain TAdV-4 and TAdV-5 (strain 1277BT) were propagated on confluent monolayers of primary chicken embryo liver cells as described previously (Marek et al., 2010a) . In addition, the Hungarian TAdV-5 isolate (D1648) was propagated on primary chicken embryo fibroblast cells.
DNA extraction. TAdV-4 and strain 1277BT cell-culture supernatants were clarified by low-speed centrifugation (10 min, 2000 g) and then ultracentrifuged (3 h, 14 0000 g) and the pelleted cell-free virions were used for DNA isolation (Marek et al., 2012) . The presence of virus DNA in the sample and its classification within aviadenoviruses were verified by PCRs targeting a region of the hexon gene (primers HexA/HexB or HexF1/HexR1; Mase et al., 2009; Meulemans et al., 2004) .
Illumina sequencing. Sequencing of the whole genomes was done using an Illumina system (HiSeq2000, BGI, for TAdV-4; GAIIx, Central Service Facility NGS Unit, for TAdV-5). Paired-end tagged libraries were generated and multiple virus samples were sequenced in one lane. Reads corresponding to different strains were separated. As we suspected contamination by Gallus gallus reads due to propagation of the virus isolates in chicken embryo liver cells, we initially mapped all reads against the available genome of G. gallus v.3.0 and the Gallus sonneratii mitochondrial DNA (GenBank accession no. AP006746.1) and used only unmapped reads for assembly of the virus genomes (Marek et al., 2012 (Marek et al., , 2013 .
De novo assembly. The whole genomes were assembled using CLC Genomics Workbench v.4.0 (CLC bio). As excess coverage can result in a lower quality of the de novo assembly, we subsampled a number of reads that resulted in longer and fewer contigs (Marek et al., 2013) . Based on the genome sequence available for different aviadenovirus strains, the resulting contigs were ordered and oriented manually (Marek et al., 2012 (Marek et al., , 2013 .
Partial genome sequencing. Primers were designed based on the sequence obtained by Illumina sequencing, and PCRs were performed in order to check two regions each within the TAdV-4 and TAdV-5 genomes by classic Sanger sequencing (to close the gaps or check the genome ends). Sequencing services were provided by LGC Genomics, Berlin, Germany. As a control, the new consensus genomes were used as a reference to map the pair-end reads of the next-generation sequencing runs of the corresponding strains (Marek et al., 2013) . Degenerate consensus primers were used in PCRs to amplify different regions of the Hungarian strain (D1648) and primer walking was then conducted. The sequences of primers used in this study are available on request.
Sequence analysis. Sequence alignments were carried out using Accelrys Gene v.2.5 (Accelrys) and Lasergene (DNASTAR) software. ORF identification and gene prediction were carried out by JavaScript DNA Translator 1.1 (http://www.annular.org/~sdbrown/dna/translator. html) and Artemis (http://www.sanger.ac.uk/resources/software/artemis/). Genome annotation and visualization were performed using Artemis. ORFs that coded for peptides .40 aa after a start codon were identified as potential genes and studied independently. Splice acceptor and donor sites were predicted manually based also on previous findings in other AdV genomes (Davison et al., 2003; Kaján et al., 2012) . Genome parts seemingly lacking genes were further checked for possible shorter genes or even for possible second exons (ORFs that lacked a start codon but had a splice acceptor site). Amino acid sequences of putative proteins were compared with proteins in GenBank using the Basic Local Alignment Search Tool (BLAST) and the existence of homologous proteins in other AdVs was used to confirm potential genes and to predict further genes coding for peptides of ,40 aa. Predicted genes were named according to previous given names including the possible genes with unknown function that were named as 'ORF'. Global pairwise alignments were done with mVISTA LAGAN (Brudno et al., 2003) .
Phylogenetic analyses. Phylogenetic analyses on selected amino acid sequences were performed using the neighbour-joining method on uncorrected p-distances as implemented in Lasergene software, and by maximum-likelihood (PhyML) and Bayesian methods (MrBayes) in the Topali v2.5 platform (http://www.topali.org) as described previously (Kaján et al., 2010) . A full-genome phylogenetic analysis of all whole-genome sequences was performed using the maximum-likelihood method with the RAxML (Stamatakis, 2006) software package. The sequenced strains were compared with all published whole-genome sequences of avian AdVs representing the different genera. The robustness of the neighbour-joining and maximum-likelihood trees was determined by bootstrapping.
Structure of the TAdV-4 and TAdV-5 fibers. The structure of the TAdV fibers was analysed using Swiss-model workspace (http:// swissmodel.expasy.org). Alignments of the repeats in the fiber shaft regions were done manually based on the triple b-spiral fold model (van Raaij et al., 1999) . TAdV fiber knobs were modelled based on the FAdV-1 long fiber knob (for 1277BT fiber-1) (Guardado-Calvo et al., 2007) and FAdV-1 short fiber knob (for 1277BT fiber-2 and TAdV-4 fiber) (El Bakkouri et al., 2008) .
